Abstract: Volatile organic compounds (VOCs) represent one of the most important categories of pollutants, influencing the air quality and human health and well-being in indoor environments. In the present study, 12 selected VOCs were sampled using Tenax TA tubes and analyzed by thermal desorption combined with gas chromatography and a flame ionization detector (TD-GC-FID). The TD-GC-FID method was optimized to obtain the separation of all the analytical peaks (including m-and p-xylene) and a satisfactory sensitivity, with low detection (between 0.14 and 0.31 ng) and quantification (between 0.47 and 1.02 ng) limits. The whole procedure was firstly assessed with the analysis of four co-located tubes exposed at an outdoor monitoring site, with results that revealed a very low inter-tubes variability (relative standard deviations of parallel measurements <5%). Then, the measurement protocol was used to quantify the indoor concentrations of the target VOCs in nine different homes during the dishwasher washing cycle. The most abundant detected VOC in all dwellings was d-limonene (mean: 231 µg/m 3 ; maximum: 611 µg/m 3 ). All the other compounds were monitored at concentration levels one or two orders of magnitude lower than d-limonene, and were generally comparable with those found in the scientific literature. In terms of health concerns, the measured concentrations were always well below the safe levels established for the protection of the general population in living environments.
Introduction
Human exposure to airborne pollutants in indoor environments is an important health concern because people spend on average 80-90% of their time in confined environments, which greatly contributes to total daily personal exposure [1] . The residential environment is, in turn, one of the major settings for the indoor exposure since two thirds of the time indoors is generally spent at home.
The indoor air quality (IAQ) is strictly dependent on the occurrence of several chemicals, or classes of chemicals, among which volatile organic compounds (VOCs) represent one of the most important categories of pollutants influencing the air quality, and consequently, human well-being and health [1] [2] [3] [4] . VOCs are classified as organic compounds having a boiling point between 50 • C and 260 • C. These compounds can be emitted into the atmosphere from anthropogenic or biogenic sources, and may also be formed as products of the atmospheric transformation of other VOCs [5] . Many VOCs, especially those containing reactive C=C double bonds (e.g., unsaturated terpenes and terpenoids such as d-limonene), can be oxidized to generate a wide variety of both gas-and particle-phase compounds which are sometimes more harmful (e.g., formaldehyde) than the original ones [6] [7] [8] . As extensively reported in the literature on potential indoor reactivity as the basis of models or field studies [9] [10] [11] , terpene oxidation can be driven by reactions with hydroxyl radicals, ozone, nitrate radicals or via photolysis, and for some monoterpenes, such as a-pinene and d-limonene, the reaction with ozone is likely to be the predominant mechanism in the atmosphere. In terms of atmospheric chemistry, terpene ozonolysis is an extremely complex process, which involves different reaction steps leading to the formation of a series of oxidation products (formaldehyde, acetone, hydrogen peroxide as well as different gases having a low vapor pressure that can subsequently self-nucleate to form ultrafine particles (<0.1 µm) or condense on existing larger particles) [7] .
In recent years, different studies have documented consistent associations between VOC exposure and the occurrence of short-and long-term adverse effects on human health and comfort [12, 13] . Among the most commonly studied VOCs in indoor environments are benzene, toluene, ethylbenzene, xylenes (BTEX), together with styrene, n-hexane, 2-ethylexanol, 2-butoxyethanol, aldehydes (e.g., formaldehyde, acetaldehyde, benzaldehyde, acrolein) and some terpenes (mainly α-pinene and d-limonene). All these compounds are known for their potential impact on human health [13, 14] or because they are typically emitted from indoor sources [15] . The broad presence of these compounds in indoor settings is indeed due to their volatility, but also to the fact that they have been widely used in a large number of household products like paints, solvents, detergents, varnishes, cleaning products and electronic devices (e.g., printers or photocopiers) [16] [17] [18] . Moreover, some VOCs are emitted from outdoor sources, such as traffic, and penetrate indoor (BTEX are the most representative example). This means that the outdoor pollution, especially in urban environments, can significantly affect the quality of indoor air [19] .
In general, VOCs are ubiquitous in any built environment, but their speciation, abundance and concentration may vary in a relevant way because of different factors (e.g., products used and building material/emission sources, personal activities and behavior, outdoor pollution, seasonality, geographical and/or climatic differences) [20] . Furthermore, it is noteworthy that in recent decades there has been a significant change in the use of consumer products and building materials, as well as a move towards energy-efficient buildings characterized by improved insulation and reduced air leakage and ventilation, with a consequent impact on both concentrations and types of VOCs found indoors [21, 22] .
In light of these considerations, the monitoring of indoor VOCs still represents a crucial tool for (i) the exposure assessment of the general population and/or workers in living as well as occupational environments; (ii) the epidemiological research, and (iii) the risk management and improvement of IAQ based on source identification.
A large number of different investigations exist for a variety of private and public indoor environments and for the most common pollutants like BTEX, styrene, terpenes [3, 4, 9, 18, 23, 24] , but there are also other priority or emerging chemicals for which the available information is still too limited. Moreover, up to now, there are no national or European legislations that explicitly indicate harmonized protocols for the IAQ monitoring and management.
VOCs sampling is usually carried out by passive sampling, which presents different advantages such as lower costs of monitoring devices, no need of electrical power and longer sampling period, providing in this way more information for chronic exposure purposes. Nevertheless, when significant temporal variations are expected or lower monitoring periods are needed (e.g., to monitor hourly variability), the use of an active sampling followed by thermal desorption and gas chromatography analysis with a flame ionization detector or a mass spectrometer (TD-GC-FID or TD-GC-MS) generally represents one of the best compromises [25] [26] [27] [28] [29] [30] . As reported in the literature, different thermal desorption coupled to GC-MS or GC-FID methods were developed and validated for a wide range of volatile compounds in air [26] [27] [28] [29] .
In the present study, 12 target VOCs (benzene, toluene, ethylbenzene, o-, m-, p-xylene, ethylene glycolbutyl ether (EGBE), 2-ethylhexanol, styrene, benzyl alcohol, α-pinene and d-limonene) were selected as compounds of interest because they may be emitted in high rates from products widely used at homes (e.g., cleaning and care products, detergents, solvents) and/or because they are reactive (e.g., terpenes), and under certain conditions, can lead to the formation of secondary compounds in the atmosphere. Moreover, most of these chemical species are notorious for their potential impact on human health and comfort [13, 14] . In the last decade, the European Commission (EC) highlighted the need of a strategy that will lead to the identification and regulation of priority indoor chemical compounds [31] . In this regards, the EC strategy document classified benzene in Group 1 (high priority chemicals), toluene, xylenes and styrene in Group 2 (second priority chemicals) and α-pinene and d-limonene in Group 3 (chemicals requiring further research with regard to human exposure or dose response) [31] .
The concentration levels of the selected compounds were preliminary investigated outdoors and then in nine different homes in Como (Northern Italy) during a dishwasher washing cycle, which was supposed to be potentially related to an important emission of some gaseous pollutants into the atmosphere (e.g., fragrances as d-limonene or α-pinene).
The target VOCs were subject to an active solid adsorbent-based sampling and a fully quantitative determination using a TD-GC-FID method that was properly optimized before the sampling campaign, and tested under real on-field conditions at an outdoor site. Starting from a methodology already known and used in the literature, different steps were indeed required for method optimization to get reliable results, ensuring the best peaks resolution and a satisfactory sensitivity, with low detection and quantification limits for all the investigated compounds.
Data obtained from the examined case-study were provided as a preliminary and exploratory survey, (i) to verify the hypothesis for which the investigated scenario could represent-or not-a potential health risk, and (ii) to consequently promote, where necessary, future and more exhaustive IAQ investigations. Before the first use, Tenax TA tubes were subject to a thermal cleaning process (two cycles at 280 • C for 30 min each one) under a flow rate of helium (30 mL/min) and immediately sealed to prevent any kind of contamination with Swagelock end caps fitted with PTFE ferrules and precleaned by rinsing 50:50 acetone/hexane followed by baking at 150 • C for 90 min.
Experimental Section
After any sampling and thermal desorption process, Tenax tubes were reconditioned with a thermal treatment at 280 • C for 6 min and resealed again until subsequent reuse.
Chemicals and Multistandard Solutions
Standards of the selected VOCs (benzene, toluene, ethylbenzene, o-, m-, p-xylene, EGBE, 2-ethylhexanol, styrene, benzyl alcohol, α-pinene and d-limonene) were purchased as pure chemicals from Sigma Aldrich (Sigma Aldrich, Milwaukee, WI, USA) with purity always higher than 98%.
A multistandard stock solution was prepared by pipetting 100 µL of each liquid standard into 50 mL of pure heptane (Sigma Aldrich, Milwaukee, WI, USA), to have an individual VOC concentration of about 1800 µg/mL. In the case of toluene, the concentration has been doubled, because this compound is generally present at higher concentration levels in the environment. The multistandard stock solution was then diluted in heptane to obtain four VOC standards ranging from approximately 11 µg/mL to approximately 85 µg/mL. All standard solutions were freshly prepared the first day of use, transferred into 2 mL vials, and then stored at 4 • C in darkness.
Calibration was performed by spiking four blank sampling tubes with 1 µL of each multistandard solution, respectively, so that the investigated VOCs were present in a mass range from approximately 11 ng to approximately 85 ng into the respective tubes (22-170 ng for toluene). Pure heptane was used as calibration blank. The spiked tubes were subsequently loaded onto the tray of the thermal desorber and analyzed applying the same analytical program optimized for atmospheric samples, as described in Section 2.1.3, to obtain calibration curves of the relationship between the analyte masses (x variable) and the integrated peak areas (y variable).
Analytical Instrumentation and Analysis
VOCs analyses were carried out using an automated thermal desorber (ATD 400, Perkin Elmer, Norwalk, CT, USA) operated in the two-stage desorbing mode and coupled to a GC-FID instrumentation. The GC system (HRGC MEGA 2 series, MFC 800, Fisions Instruments) was equipped with a polar capillary column (Supelcowax-10, 60 m × 0.53 mm, film thickness 1 µm) and a Flame Ionization Detector (FID, EL-980, Fisions Instruments) set at 250 • C.
The primary desorption from Tenax tubes was performed at 280 • C for 6 min with a helium flow rate of 20 mL/min. During this primary desorption step, the eluted VOCs were transferred from the tube to a cryofocusing trap set at −30 • C. The secondary desorption started with rapidly heating the cold trap from −30 • C to 300 • C. In this way, the cryofocused VOCs were desorbed for a second time and injected onto the capillary column via a transfer line heated at 200 • C. Once onto the gas-chromatographic column, the analytes were subject to the following temperature program, with a total analytical time of 60 min: a first isotherm at 50 • C for 5 min, followed by a run from 50 to 100 • C at 2 • C/min, a further run from 100 to 200 • C at 10 • C/min and a final isotherm at 200 • C for 10 min with helium as the carrier gas and nitrogen as the auxiliary gas. The final operating conditions of the TD-GC-FID instrumentation are summarized in Table 1 . Table 1 . Operating parameters of the TD-GC-FID instrumentation. Qualitative identification of target VOCs in real samples was based on the match of the retention times between atmospheric samples and the multistandard solutions. The Chrom-Card software package was used to control all the GC parameters, to acquire the current chromatographic analysis and to obtain the integrated peak area for the quantitative determination of each compound of interest.
Automated Thermal Desorber (ATD)
Limits of detection (LODs) and quantification (LOQs) were determined as 3 and 10 times the standard deviation of the background noise, respectively, divided by the slope of calibration lines. LODs and LOQs results were expressed both as mass (ng) and concentration in air (µg/m 3 ), considering the average air volume sampled during the field campaigns carried out in residential buildings (2-h sampling period at a flow rate of 0.1 L/min, see Section 2.2).
Finally, the whole method-from air sampling to thermal desorption and chromatographic analysis-was assessed under real on-field conditions, which is the best approach to verify whether other external variables, including the inter-tubes variability, could somewhat affect the trueness of concentration results. Field measurements were carried out with four Tenax TA tubes exposed in parallel over a 4-h sampling period at an outdoor urban background site (flow rate: 0.1 L/min). After sampling, the tubes were immediately sealed to avoid leakages and analyzed on the same day of collection.
Case-Study in Residential Buildings
The optimized TD-GC-FID protocol was subsequently applied for the analysis of indoor air samples. In particular, nine different residential buildings in Como (Northern Italy) were randomly selected and investigated to assess the indoor concentrations of the target VOCs during the dishwasher washing cycle, which was supposed to be one of the household activities potentially related to high emissions of some gaseous pollutants (e.g., fragrances as d-limonene or α-pinene) [32, 33] .
For these purposes, an active sampling line (flow rate: 0.1 L/min) was placed in the kitchen area of each house at a height of approximately 1.7 m and ambient sampling was performed following a standardized sampling protocol, which was arbitrarily established to ensure methodological harmonization and make the results mutually comparable. Specifically, samplings were started at the beginning of the washing cycle, then extended for 15 min at the end of the cycle with the dishwasher closed and again for other 15 min after the dishwasher opening, for a total sampling duration always less than 2 h and 30 min not to exceed the breakthrough volume of Tenax tubes (Table 2) . After sampling, Tenax tubes were immediately sealed to avoid leakages and stored at <4 • C until analysis (which was performed within 1 week). All indoor samples were collected during the last week of January 2018. Some details about the monitoring sites and washing cycles are reported in Table 2 . Products 1, 2, 3 and 6 were cleaning tablets, whereas products 4 and 5 were liquid detergents having different chemical compositions. Limonene was always present as an additive ingredient, in a percentage of generally <5%. Information on the air exchange rates was not collected, but in all the kitchens, windows were kept closed and extraction hoods turned off during sampling.
Results and Discussion
The assessment of TD-GC-FID method and the results obtained from indoor investigations in residential buildings are presented and discussed below.
TD-GC-FID Method Optimization
Selectivity. The temperature program used to separate VOC analytes was optimized to obtain the best peak resolution. Under the optimized parameters, chromatographic separation was satisfactory, with acceptable tailing observed for all the compounds of interest (Table 3) . Also m-and p-xylene, which typically have overlapping peaks and are more difficult to separate [18, 34, 35] , were separated at baseline, making their individual quantification possible (Table 3) . Linearity and sensitivity. For each compound of interest, the method linearity was evaluated within the mass ranges reported in Table 3 . All VOCs exhibited satisfactory results, with correlation coefficients (R 2 ) of the multi-point calibrations always >0.99 (Table 3) . LOD and LOQ values calculated as mass (ng) and concentration in air (µg/m 3 ) are shown in Table 3 . Results for our GC-FID method were slightly higher than those reported in other studies using GC-MS instrumentation, as expected [27, 30] . Despite this, these figures would enable the quantitative determination for all the analytes of interest at the concentration levels typically expected in real samples for the investigated indoor environments.
Tube desorption evaluation. To evaluate the performance of VOCs desorption process from Tenax tubes, a subsequent re-analysis of the already desorbed tubes was carried out, both with spiked tubes and sampled tubes, in order to verify the effective complete desorption and, if necessary, remove any remaining analytes. A desorption efficiency >98% was accounted for all the investigated compounds. The GC chromatograms obtained from a subsequent GC analysis of Tenax tubes after desorption were indeed comparable to the blanks performed on the same tubes immediately prior to their use.
Inter-tubes variability. The whole measurement method-from ambient sampling to quantitative analysis-was assessed by calculating the percent relative standard deviation (%RSD) of concentration levels obtained from parallel measurements on four Tenax tubes exposed at an outdoor urban background site. Results revealed very low inter-tubes variability for all the investigated pollutants, with RSDs quite always lower than 5% (Table 3) . Slightly higher values, although in a satisfactory range, were found for benzene (10.4%) and 2-ethylhexanol (12.2%). This could be attributable to the presence of other peaks-probably due to solvent impurities or substances released from Tenax at high temperatures-which eluted in the immediate vicinity of the target molecules, and made inhibited the integration of peak areas, albeit in an insignificant way.
Vocs Concentrations in Residential Buildings
All the target compounds were quantified above their respective LOQs, with the exception of styrene and benzyl alcohol, that were not detected in the indoor air of two ambient samples. The statistic parameters associated with the mean, standard deviation, median, minimum and maximum values for the investigated pollutants are presented in Table 4 . The most abundant VOC in all dwellings was d-limonene, which registered concentration levels often >100 µg/m 3 , with a mean of 231 µg/m 3 and a maximum equal to 611 µg/m 3 . This was expected, since the air monitoring was deliberately performed during the dishwasher washing cycle, and d-limonene is frequently used as fragrance in dishwasher tablets or liquid detergents (Table 2 ) and in cleaning products in general because of its pleasant odor [32, 33, 36] .
All the other compounds were found at concentration levels one or two orders of magnitude lower than d-limonene, and ranged from 3.2-63.1 µg/m 3 (toluene), 1.7-38.6 µg/m 3 (m-xylene) to <LOD-5.0 µg/m 3 (benzyl alcohol) and <LOD-1.5 µg/m 3 (styrene). Benzene, ethylbenzene, o-, p-xylene, EGBE, 2-ethylhexanol, and α-pinene showed comparable values, with average concentrations between 4.0 and 6.0 µg/m 3 (Table 4) .
Boxplots shown in Figure 1 provide a more detailed view about the variability in the indoor VOCs concentrations for the nine investigated homes. The highest 75th percentile was observed for d-limonene, followed by toluene and m-xylene (363.0, 48.1 and 20.7 µg/m 3 , respectively). All the target compounds showed a certain concentration variability among homes (coefficients of variability always >60%) and, in some cases (e.g., α-pinene, 2-ethylhexanol, p-xylene), the observed variability was emphasized by the presence of one or two concentrations in the data that were clearly higher than all the other corresponding values (Table 4 and Figure 1) . Nevertheless, the available information (concerning, for example, the occupants' habits or the specific household activities carried out during sampling) were not enough to interpret and explain these higher values, which, anyway, have been reported in residential or other environments [3] . For this reason, all data were included and presented in Figure 1 .
As previously stated, the high concentrations and variability shown for d-limonene could likely reflect the heterogeneous daily habits of occupants, in particular in their use of cleaning products during the dishwasher washing cycle and also for the general cleaning of homes and through the use of personal care products. In terms of health concerns, among all the target VOCs, only benzene is classified as human carcinogen of Group I (genotoxicity and acute myeloid leukemia) from the International Agency for Research on Cancer [14, 45] . For this genotoxic compound, no safe levels of exposure can be recommended, and according to the WHO, the unit risk of leukemia per 1 µg/m 3 of benzene in air is equal to 6 × 10 -6 [14] . Therefore, from a practical standpoint, since there is no known exposure threshold, it is expedient to reduce indoor exposure concentrations to as low as possible, by eliminating or at least reducing the human activities that release benzene (e.g., smoking tobacco). Also adequate ventilation systems could help to control the indoor penetration of outdoor benzene, for example, by positioning inlets for fresh air on the least polluted side of the building [14] .
The other investigated compounds, such as terpenes and aromatic organic molecules, could cause irritant effects after dermal contact, and their inhalation may be related to respiratory endpoints like nose and throat irritation, palpitation, dizziness, chest pain, bronchitis or nephritis [46] . For such chemicals, specific WHO air quality guidelines are not available, but different health-based limit values above which humans should not be exposed to avoid the occurrence of such effects exist. Table  4 shows, for example, the available Derived No-Effect Levels (DNELs) related to short-and longterm exposure via the inhalation route for the general population (consumers and humans exposed via the environment) [47, 48] . The field monitoring campaign presented in this paper was just a simple case-study, limited in terms of sampling period, number of samples and representativeness of indoor exposure levels. Nevertheless, obtained results (some µg/m 3 ) were always from three to four orders of magnitude lower than their respective DNELs (some mg/m 3 ) ( Table 4 ).
In the framework of the EU EPHECT Project, a detailed health risk assessment was performed and health-based Critical Exposure Limits (CELs) were derived for five selected pollutants of respiratory health relevance, including d-limonene and α-pinene [49] . Regarding d-limonene, a shortterm CEL of 90 mg/m 3 was established for sensory irritation, whereas the long-term limit of 9 mg/m 3 was derived by extrapolation from short-term data, applying an assessment factor of 10, following a conservative based-approach. For α-pinene, the short-term and long-term CELs were established to Compounds including benzene, toluene, ethylbenzene and xylenes (BTEX) are generally ubiquitous in the indoor environment. The Spearman correlation analyses performed on the target pollutants considering the nine investigated homes always revealed high and statistically significant associations among BTEX (Spearman correlation coefficients > 0.75; p < 0.02), suggesting a potential common source for these compounds, which is most likely outdoor air pollution. Indeed, different studies clearly showed the great influence of outdoor emissions (e.g., fossil fuel combustion by traffic-related or industrial sources) on the indoor occurrence of these chemicals [37] [38] [39] . Nevertheless, at the same time, specific indoor sources of BTEX may also exist. Benzene has been widely used as an industrial solvent in paints and varnishes, and the most relevant indoor sources are tobacco smoke and incense burning [40] . Toluene was found in a variety of household products such as paints, cleaning agents, adhesives, nail polishes and other cosmetics. Xylenes are widely used in the chemical industry for products such as paints, inks, dyes, adhesives and detergents [41] , and they are also emitted as result of cigarette smoking [40] . Also, styrene is a widely-used VOC in a number of products, such as plastics and almost all carpets that have a synthetic backing [42] . Ethylexhanol is a typical secondary VOC derived from the alkaline hydrolysis of some compounds (e.g., carboxylic acid esters and polymers) present in different materials as carpets and vinyl floorings [43, 44] .
In terms of health concerns, among all the target VOCs, only benzene is classified as human carcinogen of Group I (genotoxicity and acute myeloid leukemia) from the International Agency for Research on Cancer [14, 45] . For this genotoxic compound, no safe levels of exposure can be recommended, and according to the WHO, the unit risk of leukemia per 1 µg/m 3 of benzene in air is equal to 6 × 10 −6 [14] . Therefore, from a practical standpoint, since there is no known exposure threshold, it is expedient to reduce indoor exposure concentrations to as low as possible, by eliminating or at least reducing the human activities that release benzene (e.g., smoking tobacco). Also adequate ventilation systems could help to control the indoor penetration of outdoor benzene, for example, by positioning inlets for fresh air on the least polluted side of the building [14] .
The other investigated compounds, such as terpenes and aromatic organic molecules, could cause irritant effects after dermal contact, and their inhalation may be related to respiratory endpoints like nose and throat irritation, palpitation, dizziness, chest pain, bronchitis or nephritis [46] . For such chemicals, specific WHO air quality guidelines are not available, but different health-based limit values above which humans should not be exposed to avoid the occurrence of such effects exist. Table 4 shows, for example, the available Derived No-Effect Levels (DNELs) related to short-and long-term exposure via the inhalation route for the general population (consumers and humans exposed via the environment) [47, 48] . The field monitoring campaign presented in this paper was just a simple case-study, limited in terms of sampling period, number of samples and representativeness of indoor exposure levels. Nevertheless, obtained results (some µg/m 3 ) were always from three to four orders of magnitude lower than their respective DNELs (some mg/m 3 ) (Table 4 ).
In the framework of the EU EPHECT Project, a detailed health risk assessment was performed and health-based Critical Exposure Limits (CELs) were derived for five selected pollutants of respiratory health relevance, including d-limonene and α-pinene [49] . Regarding d-limonene, a short-term CEL of 90 mg/m 3 was established for sensory irritation, whereas the long-term limit of 9 mg/m 3 was derived by extrapolation from short-term data, applying an assessment factor of 10, following a conservative based-approach. For α-pinene, the short-term and long-term CELs were established to be 45 mg/m 3 and 4.5 mg/m 3 , respectively [49] . Also in this case, the concentration values obtained in our study for both compounds were well below the proposed CELs.
Nevertheless, in this regard, it is noteworthy that the concentrations of terpenes, although well below the derived DNELs or CELs, should not be totally underestimated-especially in the case of d-limonene-because of the possible gas-phase reactions which these compounds can readily undergo in the presence of ozone, with the formation of different chemical species which are potentially harmful for the human respiratory health [6, 50] . Indeed, as explained in the introduction section, terpenes-and, for instance, limonene-are able to rapidly react with ozone in the atmosphere to produce a complex mixture of gaseous oxygenated compounds like formaldehyde, acetone and hydrogen peroxide, as well as different gases having a low vapor pressure (e.g., multifunctional carbonyls and acids). The low vapor gases can subsequently self-nucleate to generate ultrafine particles (<0.1 µm) or condense on existing larger particles, leading to the formation of secondary organic aerosols (SOAs) [6, 7, 50] .
Comparison of Vocs Concentrations with Other Studies
VOC concentrations from some previous studies performed in residential buildings worldwide are presented in Table 5 . Unlike our survey, in which a specific case-study related to short-term exposure to dish washer emissions was examined, the reported investigations generally referred to long sampling intervals (from some hours to some days), because this approach is generally assumed to be more representative of the actual personal exposure than short-term measurements. Moreover, looking at the scientific literature, similar investigations on IAQ during and following dishwasher cycles were not found. Therefore, from this point of view, the comparison could be somewhat impaired, at least for those chemical species whose concentration levels are expected to be influenced by this type of domestic activity.
Regarding terpene compounds, d-limonene and α-pinene can be found in the literature in a wide range of concentrations, with mean values that can vary from few to hundreds of µg/m 3 . In a large survey performed in England, Raw and collaborators registered concentrations of d-limonene from 0.1 to 308 µg/m 3 , with an average geometric mean of 6.2 µg/m 3 [51] . A more recent study carried out in English residential buildings showed concentration values between 18 and 1439 µg/m 3 , with one of the highest domestic values reported in the literature for d-limonene [4] . In the AIRMEX study, the authors identified α-pinene and d-limonene as being predominantly derived from indoor sources, with mean concentrations of 14.5 and 29.2 µg/m 3 observed in homes, respectively [18] . Similarly, 22 studied homes in Puertollano, Spain, registered average concentrations of d-limonene and α-pinene equal to 17.1 and 18.5 µg/m 3 respectively [52] , while in 53 indoor environments in Michigan, d-limonene was monitored with mean and maximum values of 25.7 and 258.5 µg/m 3 [38] . Also Schlink et al. observed in German residential rooms a mean value of d-limonene equal to 32.9 µg/m 3 [53] . In our survey, the average level monitored for d-limonene was generally one order of magnitude higher (231.5 µg/m 3 ) than those in the cited literature because of the experimental approach used, which led this result to be more representative of short-term peak concentrations reached during a specific household activity.
For all other compounds, the indoor measurements in Como homes were generally in the same range of other cities around the world [37, [53] [54] [55] . Only indoor concentrations of toluene were slightly higher than those registered in Spain [52] , Argentina [56] and in different cities across Europe [18] ( Table 5 ).
Strengths and Limitations of the Study
As extensively highlighted in the scientific literature, research is needed to evaluate potential risks associated with the inhalation exposure to consumer products, to protect and promote health and well-being in indoor environments. Moreover, it is also underlined that product emission rates, but also typical household uses, should be investigated, following not only the combined use of consumer products during the day but also any single product use, in order to obtain an accurate risk assessment in case of consumer products [49] .
The present work focused on the specific use of cleaning agents which, to our knowledge, has never been examined before as an individual case-study in terms of potential exposure to indoor volatile compounds.
Nevertheless, the experimental design is affected by some drawbacks and a lack of background information, which did not allow us to provide quantitative relationships or estimations (about the indoor VOCs variability, for example). The nine investigated homes were randomly selected, without considering differences in house location, house design and ventilation systems. Information concerning the occupants' habits, the specific household activities carried out during sampling; as well as outdoor measurements, air exchange rates and deposition factors were not gathered. The number of collected samples was limited. Finally, from an analytical point of view, more in-lab experiments and inter-laboratory comparisons should be added to better assess the method's reproducibility, precision and accuracy.
Therefore, for all these reasons, the obtained results should be taken as part of an exploratory survey, which could represent the starting point for more in-depth IAQ investigations. Moreover, relevant information in terms of short-term exposure to irritants could also be obtained from punctual peaks of concentrations, for which direct-reading instruments and lower time-resolution studies would be optimal.
Conclusions
In the present paper, a preliminary and general overview of concentration levels for 12 selected VOCs in the air of residential buildings during the dishwasher washing cycle was provided. The selectivity, sensitivity and desorption performance of the TD-GC-FID method optimized in this study allowed a reliable quantitative analysis of indoor air samples. d-Limonene was clearly identified as the most abundant molecule, with concentration values being two to three times higher than those of all the other gaseous pollutants; furthermore, a large degree variability was observed among the different environments. In general, the investigated VOCs were found at average concentration levels comparable to those of other places around the world-with the exception of d-limonene-and were below the respective safe levels for the general population.
Because of the great importance that the monitoring of indoor VOCs may represent for the exposure assessment of workers and/or the general population, other investigations dealing with specific indoor emission sources are recommended. Moreover, given the complexity of the air chemical mixture and the ever-changing market of consumer products and building materials, the identification and quantification of less common and/or emerging compounds in specific environmental settings could be another key step to assessing potential health risks and to identifying the most appropriate risk management strategies when necessary. Funding: This work was not financially supported by any dedicated funding and it was carried out with free available funds.
